The copper content of various organs of 'brindled' female heterozygotes and male mice affected by this X-linked mutation are documented at the last day of intrauterine development, at 1 day after birth and at 11 days of age. The findings indicate defective placental transfer of copper in utero, and an even more marked defect in intestinal absorption of copper after birth. In addition there is an abnormal distribution of copper among the tissues of the body once it is absorbed. The mutation produces abnormal accumulation of copper in kidney, in gut mucosa and in testis, whereas liver, brain, plasma and most other organs show diminished copper concentrations. The intestinal malabsorption of copper is accompanied by accumulation of abnormal amounts of the metal in the intestinalmucosa cells. Copper concentrations in both mucosa and luminal contents rise progressively from duodenum to ileum. Defective upper-intestinal absorption, consequent progressive increase in luminal copper concentration and pinocytosis in the ileum would seem to explain the findings. Radioisotopic studies eliminated the possibility of excessive excretion of copper in bile or across the intestinal mucosa. Detailed comparison with findings in humans with Menkes' syndrome is difficult because of the different stages of development at which the studies have been performed, but the results seem in general to conform very satisfactorily. Those differences seen are probably explicable by known species differences. All the findings are in accord with a hypothesis that the basic defect involves accumulation and retention of copper in the cells of affected tissues such as kidney, gut mucosa and placenta.
Mottled mice, especially the variant brindled, have been shown by Hunt (1974 Hunt ( , 1976 to provide an animal model of Menkes' syndrome in humans, with similarities so great as to suggest genetic homology of the X-linked mutations in mouse and man. Danks et al. (1972) demonstrated decreased absorption of 64Cu in Menkes' syndrome, and the finding of high concentrations of copper in duodenalmucosal biopsies (Danks et al., 1973) led to postulation of defective transport within the mucosal cell or defective release into the bloodstream after normal uptake from the lumen. Dekaban et al. (1975) have measured the degree of copper malabsorption more accurately and have shown about 20 % of normal absorptive capacity. Failure of parenteral copper-replacement therapy to cure the disease and the existence of mosaic skin changes in humans (Volpintesta, 1974) and mice indicate that the disease is more complex than a simple copper malabsorption, with involvement of multiple cell types with the basic defect (Danks, 1977 (Dulbecco & Vogt, 1954) . Cells were harvested by centrifugation at 10OOg/5min, washed in phosphate-buffered saline and then 0.9 % NaCl, and a cell count was made by using a Hawksley Haemacytometer. After centrifugation at 10OOg/Smin and removal of the supernatant, the cell pellet was digested in HNO3 and copper was measured. Results are expressed as pg of copper/109 cells. Multiplication of this by a factor of 1.82 converts it into ug/g dry wt.
Urine
Urine was collected from individual mice by bladder puncture. Creatinine was determined by an ultra-micro adaptation of the Jaffe reaction (Edwards & Whyte, 1959 
Intragastric injections
Mice were anaesthetized with diethyl ether. The abdomen was opened by a mid-line incision and solutions were injected into the stomach with a micro-syringe. The abdomen was resealed by stitching and 5 h later the mice were killed and their small intestine was removed.
(i) 5"CrC12. Either 10l of this, containing 0.1 pCi (11-day-old mice), or 100l1 containing IpCi (60- day-old mice), was injected. The specific radioactivity was lOO1,Ci/ug of Cr (The Radiochemical Centre, Amersham, Bucks., U.K.). The small intestine was cut into three equal-length segments. Two normal and two mutant 11-day-old mice and three normal adult mice were injected. Each segment was washed with non-radioactive 0.02M-CrK(SO4)2 and the sections were counted directly for radioactivity in an LKB Ultrogamma 1280 counter. Results were expressed as a percentage of the administered dose.
(ii) CuCl2. Two normnal 11-day-old mice were injected with 100p1 containing 15,lg of copper. The CuCl2 was in a solution of 50% (v/v) cow's milk.
Mucosal cells were isolated from the duodenum, jejunum and ileum as described above.
Intracardiac injection of64CU
64CuC12 was purchased as a sterile solution in 0.9% NaCl from the Australian Atomic Energy Commission, Lucas Heights, N.S.W., Australia. Before the experiment 11-day-old mutant and normal mice were starved overnight, and under ether anaesthesia the abdomen was opened by a mid-line incision and the intestine ligated so as to separate the duodenum and stomach from the rest of the alimentary tract. Then 6,1l containing approx. 4,uCi 1979 Table 1 . Copper and haemoglobin concentrations and caeruloplasnmin oxidase activity in 11-day-old mice Normal, mutant and heterozygote mice ( 1 days old) were killed and whole organs removed, and copper was determined as described in the Experimental section. Copper concentration is expressed as ug/g dry wt. of tissue, or Pg/lOOml for plasma anid erythrocytes or pg/mmol of creatinine for urine. Haemoglobin is expressed as g/100ml and caeruloplasmin oxidase activity as A570 units. Results are means + S.D. with the numbers of observations in parentheses. Caeruloplasmin oxidase activity was determined on the pooled sera of four mice in each group. Student's t test was used to assess significance. Heterozygote Mobr/+ 7.5±0.6 (6) 24.6+ 2.9 (5) 112.4±28.1 (6) 11.3±2.8 (6) 9.0±1.7 (6) 14.8± 3.6 (4) Foetal and neonatal mice Foetuses were taken during the last 2 days of pregnancy, i.e. 20-21 days gestation. Although the foetuses could be easily sexed, they could not be identified accurately as mutants by the presence of curly whiskers (Fraser et al., 1953; Phillips, 1961 (Danks, 1977 (Hunt, 1974 Tables 1 and 2 highly variable results, and it was apparent that a demonstrate a severe state of copper deficiency in more satisfactory method of measuring intestinal many tissues of mutant mice, with the exception of copper was required. 1979 lumen contents from mutant mice increases progressively from stomach to caecum (Table 3) , and this situation also occurs for the epithelial cells (Table 2) . Sources of lumen-content copper could be biliary, via excretion through the gut wall, or non-absorbed copper. To test whether luminal copper represents copper lost via excretion in the bile or through the gut wall, the small intestine was ligated below the duodenum and 64Cu was injected into the blood as described in the Experimental section.
Brain
After (Visek etal., 1953) was injected into the stomach of 11-day-old brindled and normal mice and into the stomach of adult mice. A significant percentage of the administered dose (20-25 %) was taken up into the mucosa of distal small intestine of the young mice, but very little (1-2%) was taken up by adult mice. In neither case was there any significant systemic absorption of 5'Cr.
In another experiment large doses of copper were injected into the stomach of 11-day-old normal mice, and it was shown that 5 h later epithelial cells derived from the ileum contained 33.6,ug of copper/109 cells, compared with 6.6,ug of copper/109 duodenal epithelial cells. These experiments support the idea that pinocytosis is a significant factor in the great accumulation of copper in the distal region of the small intestine of young mutant mice.
Foetal copper concentrations were measured in order to assess copper status when not dependent on gut absorption. Table 4 shows that, with the exception of the kidney, copper concentrations in the foetus are low, whereas placenta concentrations are elevated, suggesting a placental transport defect.
Comparison of results at 11 days post partum with those at 1 day, in mutant mice, showed that liver and brain copper concentrations actually decreased, whereas serum copper concentrations remained relatively constant (Table 5) , and normal mice showed increases in liver and brain copper. Copper concentrations in proximal and distal small intestine of 1-dayold mutant pups are normal (Table 4) . After a 4-fold increase at birth the copper concentrations in the mutant kidney do not significantly change by 11 days (Table 5) .
Discussion
The mottled series of mouse mutants are important because they provide a homologue to human Menkes' syndrome, but are even more important because of their potential as a means of understanding normal intracellular copper metabolism.
The findings in those tissues that were studied at 20-21 days gestation, at 1 day of age and at 11 days of age fall into two distinct groups. Copper concentrations in brain and liver rise progressively throughout the three stages studied in normal mice, but in the mutants the copper concentrations of these organs are lower than normal in the foetus, rise a little by 1 day of age and then fall again by 11 days of age. In contrast, the copper concentration of kidney and of gut mucosa in normal mice is lower at 11 days of age than at 1 day of age, whereas in the mutants it is higher at 11 days for gut and unaltered for kidney. Other tissues which have been studied at 11 days of age only all fit into the pattern of low copper content in the mutant, with the exception of testis, which contains slightly elevated copper concentrations.
The fact that the placenta has an increased copper content arid that the gut mucosa shows a marked increase in copper content after oral feeding commences, along with the observation of diminished intestinal absorption of copper (Hunt, 1974; Camakaris et al., 1978; Evans & Reis, 1978) suggests that the brindled mutant is deprived of copper both in utero and postnatally because of deficient function of the respective transport organ. However, the whole pattern described cannot be attributed merely to defective absorption of copper and must be seen as a compounding of defective absorption and abnormal distribution of copper that is absorbed. The progressive rise in copper concentration in the luminal content of the intestine (Table 3) is probably due to defective absorption specific to copper. Excessive biliary intestinal excretion has been eliminated by radioisotopic studies. The progressively increasing copper concentration is also observed in small-intestinal-mucosal cells (Table 2) and is likely to be a consequence of a massaction effect exerted by the increasing copper concentration present in the lumen. Non-specific absorption of copper in suckling mice by pinocytosis in the distal part of the small intestine would also significantly contribute to high concentrations in the mucosa of this region. Evidence for pinocytosis in distal small intestine is shown by the 5'Cr accumula-1979 tion in both normal and mutant 11-day-old mice and the high copper contents of mucosal cells observed in normal suckling mice fed with high concentrations of copper. Significant absorption of copper by the ileum is indicated by the sharp fall in lumen copper concentration in the caecum and colon (Table 3) . Differences in turnover time in different regions of the small intestine could result in differences in observed copper concentration. However, in the rat, cell turnover time has been shown to be approximately the same in proximal and distal small intestine (Leblond & Stevens, 1948 Comparisons with human Menkes' syndrome are difficult because tissues from affected human patients become available at stages of development different from those studied in the mice. Aborted human foetuses have been studied at mid-gestation and patients have been studied at autopsy after death at ages varying from 6 months to 3 years. Species differences add further complexity. The mouse is known to be born with low liver copper concentrations, which rise very rapidly after birth (Prins & Van den Hamer, 1978) , and this trend is also seen in the data of the present study. However, the human is born with very high concentrations of copper (Widdowson et al., 1972) , which fall progressively over the first few months of life (Bruckmann & Zondek, 1939) . In addition the phenomenon of pinocytosis in distal small intestine of suckling rodents undoubtedly complicates the comparison even further. At mid-gestation the affected human foetus has high concentrations of copper in the placenta and all other organs except the liver, and especially high concentrations in the kidney (Heydorn et al., 1975) , whereas the affected mouse foetus at late gestation suffers from an overall copper deprivation (Table 4) . Perhaps placental transfer of copper is more efficient in humans or else more efficient in mid-gestation compared with late gestation. However, the fact that serum copper can be normal at birth in affected human males (Grover & Henkin, 1976) suggests the former explanation. Biopsies in human patients performed in the first few months of life show low copper concentrations in the liver (Danks et al., 1972) and elevated concentrations in the duodenal mucosa (Danks et al., 1973) . The general pattern of tissue concentrations observed at autopsy in humans (Grover & Scrutton, 1975 ; J. Camakaris, B. J. Stevens & A. Finch, unpublished work) parallels that seen in 11-day-old mutant mice. Consequently it does seem that the two organisms are showing a very similar general disturbance which may be somewhat altered by species differences.
The higher retention of copper by those tissues which express the mutation (e.g. gut, kidney) may be due to an alteration in a copper-binding protein which has resulted in its having a higher affinity for copper (Danks, 1975 (Danks, , 1977 Beratis et al., 1978) , or alternatively the mutation may have resulted in loss of function of a copper-binding protein or an enzyme which modifies such a protein so that copper then binds non-specifically to various intracellular proteins. The role of the liver and other tissues is discussed by Mann etal. (1979) . Further work is required to compare the intracellular copper-binding components of mutant and normal cells and tissues. Identification of the primary defect in these mutants should provide much-needed fundamental knowledge on the normal cellular handling of copper.
